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Abstract
Many essential functions of mitochondrial metabolism have been studied in the past three decades in considerable depth: oxidative
phosphorylation, catabolism of fatty acids, role in nitrogen metabolism, and amino acid metabolism. More recently, other aspects attracted
much attention like protein translocation into mitochondria, inheritance of mitochondrial DNA, movement of mitochondria, their fusion and
fission, and their involvement in apoptosis, ageing, cancer and other cellular processes. Together with these new views on the function of
mitochondria, new ideas on the structure of mitochondria emerged. Here we will discuss the current knowledge about how the membranes of
mitochondria are organized and how they interact. Interactions between components of the inner and the outer membrane are necessary for a
number of central mitochondrial functions such as the channeling of metabolites, coordinated fusion and fission of mitochondria, and protein
transport. Some of these interactions appear stable such as the so-called morphological contact sites; others are quite dynamic. Direct
evidence that a certain protein is part of morphologically defined contact sites is lacking. Nevertheless, protein translocase complexes of the
outer and the inner membrane exhibit stable interactions between the two membranes when precursor proteins are arrested during import into
mitochondria. Finally, we discuss possible roles of cristae junctions, another morphologically defined membrane structure in mitochondria.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
For more than 50 years now, mitochondria are known to
be the power plants of eukaryotic cells. Fundamental
metabolic processes such as electron transport, oxidative
phosphorylation, beta-oxidation of fatty acids, the citric acid
cycle, part of the urea cycle and heme synthesis take place
in this organelle. More recently, mitochondria came into
focus because of their important roles in apoptosis, ageing,
signal transduction, and cancer. In view of this functional
diversity, it is not surprising that mitochondrial morphology
and the organization of mitochondrial membranes are highly
complex. Therefore, it seems appropriate to update and
refresh our understanding of the structure and internal
organization of mitochondria.
Mitochondria exhibit a great variety of shapes ranging
from spherical and thread-like organelles to branched tub-
ular networks. Complex appearance of mitochondria
depends on the organism and cell type as well as the
metabolic state. Mitochondria are made up by two mem-
branes: the outer membrane and the inner membrane. The
inner membrane can be further divided into the inner
boundary membrane and the cristae membrane. The former
one is in continuous and close apposition to the outer
membrane; together with the outer membrane, it forms a
kind of envelope of the mitochondria. Cristae membranes
are invaginations of the inner boundary membrane that
protrude into the matrix space. Cristae are connected to
the inner boundary membrane by narrow tubular structures
of varying length, so-called cristae junctions, rather than by
wide openings as shown in most biochemistry textbooks
[1–4]. In addition, enormous variations in the morphology
of cristae membranes exist. Tubular, lamellar and even
triangle-shaped structures of the cristae membrane have
been observed by electron microscopy (reviewed in Ref.
[5]).
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2. Contacts between outer and inner boundary
membrane
The outer membrane and the inner boundary membrane
have to be crossed by a large number of molecules entering
and leaving mitochondria. Large molecules such as proteins
and small molecules such as metabolites and ions undergo
these processes. In most cases, this traffic is mediated by
distinct transporters in two distinct steps. However, in some
cases, translocation across both membranes is coupled, the
outer and the inner boundary membrane have to get into
close contact. Furthermore, a firm association at defined
sites may be necessary for the structural organization of
mitochondrial membranes.
Indeed, contacts between outer and inner boundary
membranes have been reported in all types of mitochondria.
Four different kinds of contacts were described: (1) mor-
phological contacts visualized by electron microscopy, (2)
contacts for channeling metabolites from the matrix to the
cytoplasm and vice versa, (3) contacts coordinating fusion
and fission events of mitochondria, and (4) contacts that are
involved in translocation of proteins. In view of this com-
plexity, it is not surprising that the terminology concerning
the term ‘‘contact site’’ is not clear, in fact confusing. Next
to the morphologically observed contact sites, other terms
such as biochemical, translocational, labile, or transient
contact sites, or adhesion sites have been proposed. Before
reviewing the current views, we want to stress that we use
the term contact site only for ultrastructurally defined sites
where the inner and the outer membrane are observed in
direct apposition to each other with no apparent space in-
between. Other kinds of contact between the two mem-
branes imply a close proximity of either membrane, but not
stable complex formation.
3. Morphologically defined contact sites
The morphology of the mitochondrial inner membrane is
subject to artificial alteration upon osmotic swelling or
shrinking. In contrast to the outer membrane which contains
large proteinaceous pores, the inner membrane is not per-
meable to ions and most small molecules other than water.
Therefore, isolated mitochondria shrink in media of high
osmolarity and acquire a condensed form. This form was
originally described by Hackenbrock as early as 1966 for rat
liver mitochondria [6]. In such mitochondria, zones of close
apposition of the inner and the outer membrane are con-
sistently observed and were named contact sites [7]. The
outer membrane was described ‘‘to dip inside’’ and to
remain in close apposition to the inner membrane indicating
a specific interaction at these sites rather than a random
proximity of the two membranes (Fig. 1).
In sections of rat liver mitochondria, the diameter (meas-
ured parallel to membranes) of these contact sites is approx-
imately 20 nm (Table 1). About 115 such sites were
calculated to be in one (isolated) mitochondrion of 1 Am
in diameter. Similar numbers of 78–270 sites were esti-
mated for mitochondria from different organisms using a
variety of methods for fixation and imaging (Table 1).
Three-dimensional reconstructions of mitochondria by elec-
tron tomography provided images of contact sites at higher
resolution. In neuronal tissues, the width (measured perpen-
dicular to membranes) of contact sites was about 14 nm [2].
When mitochondria from Neurospora crassa were embed-
ded in vitreous ice, the width was only about 12 nm [8]. In
the latter case, due to the overall close apposition of the two
membranes, a clear identification of contact sites was
difficult. Similarly, contact sites in rat brown fat mitochon-
dria after cryo-fixation could not be identified unambigu-
ously, whereas after chemical fixation, this was possible [9].
Here the width of contact sites was about 14 nm. The
average distance between the cytosolic surface of the outer
membrane and the matrix surface of the inner membrane
was considerably smaller in cryo-fixed mitochondria (17–
20 nm) than in chemically fixed and plastic-embedded
mitochondria (21–25 nm) [2,8,9]. This is attributed to a
certain limited swelling of the intermembrane space during
chemical fixation. Otherwise, there is an overall good
agreement between the two fixation methods. In chemically
fixed mitochondria from N. crassa, the two membranes
were found to be distinguishable at all contact sites analyzed
[10]. In fact, the contact width was never less than the sum
of the widths of outer and inner membrane (12–14 nm).
Therefore, the semi-fusion model postulating a partial fusion
of the outer and inner membranes is not supported by
electron microscopic evidence [11].
It was noted early that contact sites can withstand
relatively harsh treatments during the isolation of mito-
chondria. After incubating rat-liver mitochondria with dig-
itonin, most of the outer membrane was removed and
inside-out vesicles were formed which occasionally re-
Fig. 1. Electron micrograph of mitochondria from rat liver in condensed
conformation after chemical fixation. The arrows point at sites of contact
between the inner and outer membrane (taken from Ref. [7]). IBM, inner
boundary membrane; OM, outer membrane; C, cristae membrane.
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mained attached to the inner membrane [12]. Furthermore,
when mitoplasts were generated by osmotic swelling, part
of the outer membrane exhibited regions of contact to the
inner boundary membrane [13]. Contact sites were
observed to withstand sonication and subsequent separation
of submitochondrial vesicles by density centrifugation
[14,15]. Vesicles of intermediate density between outer
and inner membrane were enriched in marker enzymes of
both, inner and outer membrane, and exhibited right-side-
out inner membrane vesicles attached to ruptured outer
membranes or to inside-out outer membrane vesicles as
determined by electron microscopy [12]. Fractions of
intermediate density are therefore thought to be enriched
in proteins associated with contact sites. Examples of such
proteins are hexokinase [14], two proteins of 64 and 100
kDa (Csp-1 and Csp-2) of unknown function [15], an
unknown 52-kDa GTP-binding protein [16], and others
that will be discussed later.
The functional significance of morphologically defined
contact sites has been debated ever since. Several mutually
not exclusive explanations will be reviewed below. In most
cases, such contact sites are only visible if the two en-
veloping membranes—the inner boundary and the outer
membrane—are artificially separated, for example, by
osmotic shrinkage. On the other hand, such sites are also
observed in non-condensed mitochondria where the two
membranes are in close vicinity over the entire mitochon-
drial surface. An average distance of 3–8 nm was meas-
ured between the surfaces of the membranes which face the
intermembrane space [2,8,9]. An unequivocal identification
of contact sites, however, appears only possible in con-
densed mitochondria.
4. Metabolite-transporting contact sites
A common element to models of contact sites is that the
close spatial interaction between components of the inner
and the outer membrane facilitates essential mitochondrial
functions. One such model describes the channeling of
metabolites and permeability transition in mammalian mito-
chondria via the adenine nucleotide translocase (ANT)/
mitochondrial creatine kinase (mtCK) and porin (or volt-
age-dependent anion channel; VDAC) (reviewed in Ref.
[17]). Complexes of about 400 kDa were generated in vitro
using isolated mtCK and porin [18]. It was proposed that
mtCK is ‘sandwiched’ between the inner membrane ANT
and the outer membrane porin/VDAC [17,19]. This com-
plex is thought to mediate efficient shuttling/exchange of
phosphocreatine and creatine between mitochondria and the
cytosol. Octameric mtCK but not dimeric mtCK or other
control proteins was reported to promote binding of inner
membranes to outer membranes [20,21]. There appears to
be agreement that binding of cationic octameric mtCK
occurs via electrostatic interactions with anionic phospholi-
pids which are present in both mitochondrial membranes; it
remains still speculative, however, as to whether mtCK is
involved in contact site formation. Transport of phospholi-
pids and phospholipid precursors may also be facilitated via
contact sites [22–25]. In particular, phosphatidylserine is
Table 1
Ultrastructural properties of mitochondrial contact sites
Specimen Contact sites per
mitochondrion
Contact site
density (Am2)  1
Contact site
surface area (%)
Contact diametera
(nm)
Contact widthb
(nm)
Reference
and method
Rat liver mitochondria
(condensed)
115c 37d n.d.e f 20 n.d. [7]; EM of thin sections;
chemical fixation
N. crassa mitochondria
(condensed)
270 56f 7.1F 2.4 f 30 18–20 [10,56]; EM of thin sections;
chemical fixation
N. crassa mitochondria
(frozen–hydrated)
( > 10)g n.d. n.d. n.d. 12 [8]; Cryo-electron tomography;
ice-embedding
Rat spinal root
axon mitochondria
172 270 4.1 13F 6 13F 2 [2]; EM tomography;
chemical fixation
Rat sciatic
axon mitochondria
79 110 1.6 15F 9 15F 3 [2]; EM tomography;
chemical fixation
Chick Purkinje
axon mitochondria
78–102 130–190 1.9–2.9 14F 7 13–14F 2 [2]; EM tomography;
chemical fixation
Chick Purkinje
dendrite mitochondria
197 380 5.8 17F 7 14F 2 [2]; EM tomography;
chemical fixation
Rat brown adipocyte
mitochondria
n.d. 191 2.4 13 14 [9]; EM tomography;
chemical fixation
a Lateral extension measured parallel to membranes.
b Measured perpendicular to the membranes.
c Assuming an average diameter of 1 Am for a mitochondrion.
d Calculated from number of contact sites per mitochondrion (1 Am diameter) assuming spherical geometry.
e Not determined.
f Calculated from surface area for average mitochondrion (4.8 Am2) based on data given in Ref. [10].
g Approximately 10 contact sites per mitochondrion were identified unambiguously. Additional sites seemed to exist but a clear identification was not
possible [8].
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translocated to the inner membrane where it is converted to
phosphatidylethanolamine. Furthermore, the acidic phos-
pholipid cardiolipin is reported to be enriched in fractions
of intermediate density between outer and inner membrane
[25]. In eukaryotes, cardiolipin is found virtually exclu-
sively in the inner membrane of mitochondria.
5. Contact sites involved in mitochondrial inheritance,
fusion and fission
Another intriguing possible reason for an interaction of
the two mitochondrial membranes is the necessity of mito-
chondria to fuse and divide. The outer membrane protein
Fzo1 is required for mitochondrial fusion. Fzo1 was
reported to be associated with the inner membrane as
indicated by cofractionation with both outer and inner
membrane markers upon density-centrifugation of submito-
chondrial vesicles [26,27]. The segment within Fzo1
responsible for the interaction with the inner membrane
was localized to the intermembrane space domain connect-
ing the two transmembrane domains [27].
A punctuated distribution and co-localization of mito-
chondrial DNA with the outer membrane protein Mmm1
was shown by fluorescence microscopy [28]. Mmm1 is
required for normal mitochondrial morphology and trans-
mission of mtDNA to daughter cells. Mmm1 may be part of
a connection between the mitochondrial outer and inner
membranes, anchoring mitochondrial DNA nucleoids in the
matrix. So far, this observation simply indicates a co-local-
ization and it is not clear how this interaction across two
membranes might occur. But it will be interesting to see
whether there is a link to the ultrastructurally described
contact sites.
In conclusion, there is no doubt that transient interactions
between the outer and inner membrane exist. Currently there
is, however, no direct evidence for a certain protein to be
part of morphological contact sites. Criteria like enrichment
in fractions of intermediate density or preferential fracture
plane deflections between both membranes in freeze etch
replicas are indirect [29]. A large number of labile inter-
actions between closely apposed boundary membranes may
appear as being relatively stable upon electron microscopic
analysis [13].
6. Contact sites and transport of proteins into
mitochondria
Mitochondria are believed to be derived from an a-
proteobacterium-like endosymbiont. During evolution of
eukaryotic cells, most of the genes have been transferred
from mitochondria to the nucleus [30]. Only 13 proteins in
humans and 8 proteins in yeast are encoded by the mito-
chondrial DNA. Most proteins of mitochondria are trans-
lated in the cytoplasm; they have to be targeted and
transported specifically into different mitochondrial sub-
compartments. Several distinct preprotein translocases in
the outer (TOM complex) and the inner membrane (TIM22,
TIM23, and OXA1 complex) mediate this process
(reviewed in Ref. [31]). This raises the question of how
proteins are transported across two biological membranes.
Does translocation occur independently across each mem-
brane or are polypeptide chains crossing both membranes at
a time. In the latter case, they have to be in close proximity.
Are contact sites the ultrastructural manifestation of this
interaction?
The first indication for a biological function of contact
sites in protein translocation came from electron microscopy
studies [32]. Cytoplasmic ribosomes were found to be
attached to the outer membrane of mitochondria in yeast
spheroplasts. This association was especially pronounced
after protein synthesis was inhibited by addition of cyclo-
heximide which leaves nascent chains attached to ribosomes
and was absent when mitochondria were washed with high
salt concentrations or EDTA. Furthermore, in condensed
mitochondria, ribosome binding was limited to sites where
outer and inner membranes were closely apposed. This
observation suggested not only a role of contact sites in
protein transport across the two mitochondrial membranes
but was initially taken as an indication that this occurs
cotranslationally. Although this may be possible for some
mitochondrial proteins, numerous experiments support the
view that most proteins targeted to mitochondria enter this
organelle posttranslationally. Kinetic analyses in N. crassa
demonstrated pools of mitochondrial proteins in the cytosol
that appear with a time-delay in mitochondria [33]. Fur-
thermore, the rate of cotranslational protein import into
yeast mitochondria is calculated to be too slow to account
for the measured rates of import. A vast number of mito-
chondrial precursor proteins, translated in cell free systems
or expressed in E. coli, were efficiently imported into
isolated mitochondria and mitoplasts. Nevertheless, it is
likely that at least some of these sites where the outer and
inner membrane were closely apposed contained spanning
nascent polypeptide chains in which the N-terminus already
faces the matrix or is integrated into the inner membrane.
But is it conditional that in vivo the outer and inner
membranes are closely apposed to each other to transport
proteins across both membranes? And is it that contact sites
represent functional entities that facilitate such translocation
events?
6.1. Translocation sites vs. morphologically defined contact
sites
To address these questions, translocational intermediates
spanning both membranes proved to be highly valuable
tools. Such intermediates can be generated by a number of
methods: (1) low temperature, (2) prebinding of antibodies
against C-terminal segments of the protein to be transported
[34,35], (3) ATP depletion [36], (4) using chimeric fusion
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proteins which next to an N-terminal mitochondrial target-
ing signal contain stably folded C-terminal domains such as
the disulfide bridge containing BPTI [37], dihydrofolate
reductase with bound methotrexate [10,15,38], or a Protein-
A moiety [39,40]. In mitochondria with intact outer mem-
branes, such intermediates were processed by the matrix-
localized preprotein peptidase MPP, but were still accessible
to externally added protease. By using immunoelectron
microscopy, such arrested intermediates were observed to
be near regions where both membranes were in close
proximity. This resembled the distribution of cytoplasmic
ribosomes on mitochondria limited to regions where both
membranes are in close proximity [35]. The outer mem-
brane was often found to be ruptured near translocation
contact sites after generating submitochondrial particles by
swelling and sonication. Furthermore, in Neurospora mito-
chondria Tom70, a receptor component of the TOM com-
plex was found five-fold more abundant in regions of close
contact between the two membranes than in total outer
membrane [41]. This observation suggested that an impor-
tant subunit of the TOM complex, the mitochondrial recep-
tor for the AAC family of carrier proteins, is preferentially
located in contact sites. About 7% of the total surface area of
an average mitochondrion was calculated to be occupied by
contact sites, but neither the abundance nor the area occu-
pied by contact sites seems to be dependent on the metabolic
state or the amount of translocation intermediate present
[10]. So far, this was shown for isolated mitochondria and it
remains to be clarified whether this also reflects the situation
in vivo.
These experiments support the view that import of
mitochondrial proteins occurs at sites where both mem-
branes have close contact. It is unknown, however, whether
ultrastructurally observed contact sites are equivalent or
partially equivalent to translocation sites. And if so, it is
an open question as to whether this is only an artificial
consequence of arresting translocation intermediates or also
true under in vivo conditions. Finally, the questions remain
whether contact sites are only formed on demand and how
stable contact sites are.
6.2. Dynamics of translocation sites
Morphological contact sites withstand harsh treatments
like sonication and by that can be enriched in vesicles of
intermediate density (see above). They are therefore
regarded as stable structures. Furthermore, incubation of
mitochondrial precursor proteins with such vesicles led to
their translocation into the vesicle lumen [15]. Translocation
sites thus remain, at least partially, intact after disintegration
of mitochondria.
Nevertheless, viewing translocation sites as stable struc-
tures appears to be an oversimplification. The translocase
machineries of the outer and inner membrane (TOM and
TIM) can function independently, at least in isolated mito-
chondria. Precursor proteins are transported across the inner
membrane even after disruption of the outer membrane
[42,43]. The interactions of TOM and TIM are dynamic
[44,45]. Although the outer membrane import receptors are
enriched at contact sites, they are not restricted to them but
are rather distributed all over the outer mitochondrial
membrane [41,46–48]. In fact, co-immunoprecipitation
experiments support the view that in the presence of an
arrested preprotein, but not in its absence, the TIM23 and
the TOM translocase are locked together [49,50]. Further-
more, it was shown that an arrested translocation intermedi-
ate is present in a 600-kDa complex containing Tim23 and
Tim17 subunits of the inner membrane translocase as well
as Tom40 and Tom20 subunits of the outer membrane
translocase [38]. In this complex, 80–100% of Tim23 and
Tim17, but only 20–25% of Tom22 and Tom40 were
present. This complex was absent when the protein was
not arrested or the membrane potential was dissipated.
Furthermore, when mitochondria were pre-saturated with
translocation intermediates, import of precursor proteins
with cleavable N-terminal targeting sequences was strongly
reduced, whereas import of non-cleavable precursor proteins
and proteins targeted to the outer membrane was only
slightly affected [38]. Therefore, the amount of TIM23 core
complex appears to be limiting for the formation of trans-
location sites.
In another study, a preprotein with a stably folded
protein A moiety at the C-terminus was expressed in yeast
[39,40]. This precursor protein was arrested during import
into mitochondria. Thereby, the inner and outer membrane
became zippered together in long extended clusters of
translocation sites. At areas lacking these clusters, the outer
and inner membranes were widely separated. Translocases
from both the inner and the outer membrane can apparently
move laterally in the respective membrane and seem to
accumulate in areas of close contact because only here TIM
can take over from TOM and complete translocation.
In summary, morphologically stable contact sites are
observed even after disintegration of mitochondria. In con-
trast, preprotein translocation sites seem to be very dynamic
and a supramolecular complex consisting of subunits of
both the TIM23 and the TOM complex is only formed in the
presence of an arrested translocation intermediate. Such a
locked supercomplex may move laterally in the two mem-
branes and consequently accumulate in areas where both
membranes are closely apposed.
7. An integrating view on translocation sites
Are the protein translocation sites, and more specifically
the supercomplexes, the functional equivalents of ultra-
structurally defined contact sites? The following observa-
tions and considerations may help to answer this question.
Morphologically defined contact sites are observed in all
kinds of mitochondria independent of the presence of a
precursor in transit [10]. In fact, TIM and TOM complexes,
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despite the presence of preproteins in transit, can diffuse
laterally independently from each other in their membranes.
Therefore, it is unlikely that such connections have the
stability of morphological contact sites and lead to a close
apposition of the two membranes. When preproteins are
firmly locked in the import machinery, both complexes are
stably associated with each other. This locking is mediated
by the presence of stably folded domains of the precursor
protein and chaperones on the cytosolic and the matrix face
of the mitochondrial membranes. Still, there is no evidence
that this would lead to morphologically defined contact
sites. Even in the extreme case where membranes were
zippered together, morphologically defined contact sites
(which according to our definition have no apparent space
in between) were not observed to be near translocation sites
[39,40]. Rather morphological contact sites and transloca-
tion sites may exist side by side. When the two membranes
become separated, for example, due to shrinkage during
preparation, translocation sites are forced to move laterally
and consequently to accumulate in clusters. This also
explains why they are found enriched near morphologically
defined contact sites [41].
Fig. 2. Contacts between outer and inner membrane in mitochondria. Four different kinds of contacts were described: (1) morphological contacts visualized by
electron microscopy, (2) contacts for channeling metabolites from the matrix to the cytoplasm and vice versa, (3) contacts coordinating fusion and fission
events of mitochondria, and (4) contacts across which translocation of proteins takes place. This represents a cross section of a (non-existing) composite
mitochondrion based on data from different organisms. Cristae are connected to the inner boundary via narrow tubular structures, called cristae junctions—only
one of them is visible in this cross section. OM, outer membrane; IBM, inner boundary membrane; CM, cristae membrane; ICS, intracristal space.
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What might be the molecular basis of ultrastructurally
defined contact sites? Recently, an unusual topology of
Tim23 in yeast spanning both the inner and the outer
membrane has been reported [51]. Tim23 of Saccharomyces
cerevisiae is an integral inner membrane protein with
probably four transmembrane helices at its C-terminus and
an N-terminal domain exposed on the surface of the outer
membrane. This implies that Tim23 by itself can mediate an
interaction between the two membranes. Interaction of
Tim23 with the outer membrane has been suggested to
promote transport of proteins into mitochondria. It still
remains to be investigated, however, how stably Tim23 is
integrated into the outer membrane and whether Tim23 is
enriched in morphologically observed contact sites. Assum-
ing that the N-terminal domain of Tim23 is stably integrated
into the outer membrane, a concentration of Tim23 in
regions of close contact upon shrinkage of mitochondria is
expected. Enrichment of the TOM complex in such sites
could be explained by a loose interaction of TIM and TOM
complexes even in the absence of a precursor protein.
The following notions may summarize our current
knowledge and interpretations about contacts between the
outer and the inner boundary membrane. Stable and firm
interactions between these membranes are present in all
kinds of mitochondria studied so far. Their molecular
structure and their functions, however, are largely a matter
of speculation. Interactions between components of the
inner and the outer membrane serve essential mitochondrial
functions such as the channeling of metabolites and the
coordinated fusion and fission of mitochondria. These
interactions are dynamic in nature, but evidence that a
certain protein is part of ultrastructurally stable contact sites
is lacking. The same is true for protein translocation sites,
although in this case stable interactions between the two
membranes are observed when precursor proteins are
arrested during import into mitochondria. When TOM and
TIM are locked together, they may move laterally toward
the morphologically defined contact sites and accumulate
there upon separation of the outer and inner boundary
membranes (see overview in Fig. 2).
8. Contact sites and cristae junctions
New insights into the three-dimensional structure and
internal organization of mitochondria and especially of
cristae have been gained in recent years by electron tomog-
raphy (reviewed in Ref. [52]). The morphology of cristae
and their relation to the inner boundary membrane was
analyzed in detail [1–3]. Cristae are connected to the inner
boundary membrane by so-called cristae junctions. These
narrow tubular segments have a rather uniform diameter
(about 28–30 nm) in different tissues and organisms. They
vary in length and may be as long as several hundred
nanometers. The inner boundary membrane and the cristae
membrane are contiguous; the narrowness of these junc-
tions, however, led to the hypothesis that the inner mem-
brane is divided into distinct subcompartments. Cristae
junctions might act as diffusion barriers for proteins and/
or metabolites [1,53].
It was also suggested that contact sites are localized
adjacent to cristae junctions and possibly have a barrier
function separating the cristae from the inner boundary
membrane [13]. This view was, however, not supported
by an electron tomography study; contact sites and cristae
junctions were observed to be randomly distributed and did
not co-localize [2].
9. Possible functions of cristae junctions
All the functions associated with contact sites rely on the
location of components involved in the outer membrane and
in that part of the inner membrane which is in close
proximity to it. How are inner membrane proteins distrib-
uted between the cristae and the inner boundary membrane?
Is this distribution influenced or even regulated by cristae
junctions? The TIM complexes (TIM22 and TIM23) must
be localized in the inner boundary membrane to interact
with a preprotein which is about to enter the intermembrane
space through the TOM complex. How this is accomplished
is only poorly understood, but at least for TIM23, a possible
mechanism was suggested. As Tim23 from yeast is pro-
posed to be anchored both in the outer and inner membrane,
diffusion into the cristae membrane is likely to be prevented
and Tim23 thereby may be confined to the inner boundary
membrane [51]. Such a mechanism, however, has so far
only been described for yeast and it remains to be analyzed
how this is accomplished in other organisms and for other
protein complexes like the TIM22 complex. It may well be
that some inner membrane proteins are selectively excluded
from one of these subcompartments. Cristae junctions might
limit the lateral diffusion in and out of the cristae membrane.
If this is the case, a number of interesting further aspects
will emerge. For example, the cristae membrane could act as
a kind of reservoir for inner membrane components that, on
demand, can be made available to interact with components
of the outer membrane. The different kinds of dynamic
(labile, transient) contact sites could be affected by such a
process. Consequently, the amount of metabolite exchange
with the cytosol, fusion and fission of mitochondria, the
amount of proteins imported into mitochondria, apoptosis,
and other processes could be regulated by cristae junctions.
Conversely, the intracristal space could act as a reservoir for
soluble intermembrane proteins such as Tim9, Tim10, or
cytochrome c. A further question is whether cristae junc-
tions regulate the lateral diffusion of non-assembled protein
subunits differently from assembled supermolecular com-
plexes. Since the integration of newly imported proteins
(many of which are subunits of large complexes) into the
inner membrane almost certainly occurs in the inner boun-
dary membrane, one may ask where they assemble into the
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respective complexes. Cristae junctions could serve as a
kind of checkpoint which control the quality of quaterny
structure. Only fully assembled complexes might then be
permitted to cross the ‘‘boundary’’ to the cristae membrane.
This would lead to the question where the degradation of
unassembled (excess or misfolded) subunits takes place.
These possible functions of cristae junctions are highly
speculative but may serve to form a working hypothesis for
elucidating their function. So far, none of the molecular
components involved in cristae formation has been identi-
fied; however, such a role was discussed for Mgm1, a
dynamin-like GTPase localized to mitochondria [54].
10. Perspectives
One of the urgent questions to be answered is whether
there is a difference in the protein (and lipid) composition of
the inner boundary and the cristae membrane. A major
obstacle to resolve this issue is the current lack of bio-
chemical techniques that would allow studying the inner
boundary membrane or the cristae membrane separately. So
far, no molecular marker was available that would allow to
differentiate between these subcompartments. A possible
marker for the inner boundary membrane in yeast may now
be Tim23 [51]. Other markers like cytochrome c oxidase for
the cristae membrane have also been proposed [55]. To our
knowledge, for none of the mentioned markers an unequiv-
ocal localization by immunoelectron microscopy was per-
formed. Whether Tim23 and other known inner membrane
proteins are differently distributed between the inner boun-
dary and the cristae membrane will be interesting to see.
Furthermore, the question must be addressed as to whether
such a distribution is influenced by cristae junctions and
whether assembled protein subunits distributed differently
from non-assembled ones. Another major future challenge
will be to elucidate what the structural components of cristae
junctions are. In more general terms, it can be asked as to
how does cristae formation occur?
Experiments addressing these questions will require the
full complement of methodology of current molecular cell
biology. The phenotypes of mutations in relevant proteins
can be expected to be quite pleiotropic; morphological
studies will require techniques at the cutting edge of current
new developments. Finally, biochemical experimentation, in
view of the very low abundance of the protein components
involved, will be extremely demanding.
11. Conclusion
Contact sites are known for more than 30 years now but
an understanding of their molecular composition has not
been reached yet. Their functional role has been debated
ever since. It is undoubted that dynamic interactions
between components of the inner and the outer membrane
have to occur to serve essential mitochondrial functions.
The best characterized of these functions is protein import
into mitochondria. One of the future challenges will be to
identify and characterize the molecular players of the
interactions between the outer and the inner membrane. In
addition, the role of cristae junctions, the second so far only
morphologically defined mitochondrial membrane structure,
has to be elucidated.
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